Adsorption and desorption of Aroclor 1254 (a mixture of polychlorinated biphenyls [PCBs]) from 0.25% (wt/vol) aqueous solutions of Triton X-100 on polymeric materials common in laboratories (red vacuum rubber, latex, Tygon, Norprene, manosil, polyethylene, polypropylene, phenoxy resin, nylon, and Teflon) is described. Teflon, nylon, and phenoxy resins showed the lowest adsorptions, with efficiencies of 3.4, 22.9, and 33.0%, respectively. The other polymers adsorbed more than 90% of Aroclor 1254 under similar conditions. Adsorption of PCBs was found to increase with the lipophilicity of the polymer and to be irreversible on soft polymers. The variation in the adsorption efficiencies of these polymers toward PCBs is apparently related to variations in the chemical composition, electronic properties, and degree of softness of these polymers. The present study showed that Teflon, with less than 4% adsorption and more than 99% desorption of Aroclor 1254, is the best candidate for use in biological laboratory work.
In recent years, a tremendous amount of work has been done on the development of microbial, genetic, and biochemical engineering technologies for the elimination of toxic wastes, particularly polychlorinated biphenyls (PCBs). PCBs are studied because they are widely dispersed in our ecosystem, considered potentially toxic, and recalcitrant to natural biodegradation in the environment. These studies normally involve the use of microorganisms to detoxify or degrade PCBs. The microbial reactions work in aqueous systems and involve dechlorination prior to or concomitant with fission of the biphenyl ring of the PCB. The characteristics of biological experiments make these systems susceptible to potential losses of lipophilic PCBs by adsorption and volatilization. For example, the mass transfer rates between liquid medium and surfaces are usually better in small reaction vessels (high surface-to-volume ratio), facilitating transportation of PCBs from the liquid to the surfaces. Furthermore, since the concentration of the PCBs usually used is relatively small (from a few parts per billion to several hundred parts per million) and the duration of biological experiments is relatively long (lasting from a few days to several months), any PCB loss can be very significant.
Detoxification of lipophilic molecules such as PCBs is routinely carried out in laboratory equipment composed in part or entirely of plastic and rubber materials. Very few data are available on the interaction between these polymeric materials (e.g., tubing, plastic ware, bioreactors, tanks) and lipophilic organic compounds. Consequently, laboratories dealing with equipment and accessories frequently in contact with PCBs might not consider this a significant source of error in PCB mass balance determinations. Sorption usually takes place when surfaces capable of adsorbing lipophilic compounds are allowed to come in contact with PCBs. This fact must be taken into account when an experiment is designed. The The polymeric materials used in the present study came from different laboratory suppliers and included red vacuum rubber, latex, Tygon, Norprene, manosil, polyethylene, polypropylene, phenoxy resin, nylon, and Teflon (see Table 1 for the physical characteristics of the polymers and Fig. 1 for the chemical composition).
Aroclor 1254 stock solution. Aqueous solutions of Aroclor 1254 (100 mg/liter) were prepared in deionized water (pH 6.9) in the presence of 0.25% (wt/vol) Triton X-100. This surfactant was selected because it increases the solubility of Aroclor 1254 in water to about 800 mg/liter at 35°C (T. Cseh, unpublished data) and at this concentration is compatible with many biological systems.
Adsorption experiments. All polymeric materials were cut into small pieces of equal sizes. The calculated surface area of each polymer, including phenoxy resin, was about 216 cm2. The polymers were placed separately into 500-ml Erlenmeyer flasks. Each flask was then charged with 90 ml of the previously prepared Aroclor 1254 stock solution. As a One half of each polymer obtained from the previous adsorption experiments was transferred into 250-ml Erlenmeyer flasks, each containing 45 ml of 0.25% Triton X-100. The flasks were sealed with Tefloncoated screw caps and shaken (100 rpm) for 3 days at 34°C. Then the aqueous phase was removed and kept at 4°C until PCB analysis. Thereafter, the process of PCB desorption in 0.25% Triton X-100 was repeated two more times. At the end of each cycle, the aqueous phase was analyzed for PCB concentration.
Extraction of PCBs from the aqueous solution. One milliliter of each of the aqueous solutions obtained from the above experiments was extracted three times with 1 ml of hexane. 1,2,3-Trichlorobenzene was added as an internal standard to control the efficiency of Aroclor 1254 extraction. The hexane extracts were then analyzed for Aroclor 1254 by gas chromatography (GC).
Extraction of PCBs adsorbed on the polymers. The second half of each polymer obtained from the above experiment was extracted twice with ethyl acetate (250 ml) in a Soxhlet extraction apparatus for 2 h. The ethyl acetate was removed and evaporated on a Rotavapor RE 120 (Buchi, Zurich, Switzerland). The remaining solid was suspended in 50 ml of hexane, and the suspension was sonicated for 1 h. The suspension was then centrifuged, and the hexane fraction was separated. The hexane washing process was repeated two more times. The hexane fractions were combined, concentrated to S ml, and cleaned on silica gel column (30% acetone in hexane) before GC analysis.
G.C. The analysis of PCBs was performed with a PerkinElmer Sigma 2000 gas chromatograph with a DB-5 capillary column (30 m by 0.25 mm) and a 63Ni electron capture detector. The carrier gas was an argon-methane mixture (95:5, vol/vol). The gas velocity was maintained constant at 14.3 m/s. The injection was done in the splitless mode. The injector and detector temperature were set at 300°C in both cases. The oven temperature was programmed as follows: 65°C for 2 min, then increased to 200°C at a rate of 30°C per min, and held for 1 min. Finally, the temperature was increased at a rate of 2°C per min until the oven reached 280°C and held for 6 min. Hexachlorobenzene was used as an internal standard. The total area of the chromatogram was used to determine PCB concentrations.
RESULTS AND DISCUSSION
Adsorption of Aroclor 1254 by the various polymeric materials used in the present study is summarized in Table 2 . Figures 2 and 3 show the changes in Aroclor 1254 concentration in the water phase at different time intervals during the experiment. Almost all Aroclor 1254 was recovered from the control (Fig. 2) The adsorption was very fast on rubbers (Fig. 2) and on soft materials like Norprene, manosil (silicone), and Tygon. All of these polymers adsorbed more than 90% of the initial Aroclor 1254 from the aqueous Triton X-100 solution in 2 h. On harder materials, the adsorption was slower but still significant (Fig. 3) . For example, polypropylene and polyethylene adsorbed 82 and 36%, respectively, of the initial Aroclor 1254 in 1 day. However, they both showed >95% adsorption after 3 days. On the other hand, nylon and phenoxy resin adsorbed at a much slower rate, only 22.9 and 33.0%, respectively, in 3 days (Fig. 3) . The lowest adsorption was observed with Teflon, which did not exceed 4% of the initial concentration after 3 days (Fig. 3) . The above results indicate that the variation in the adsorption efficiencies of the polymers may be related to the degree of softness. For instance, adsorption was found to be faster on softer polymers than on hard ones. The chemical composition and electronic properties of these polymers may influence their affinity for PCBs (see below).
The adsorption of various PCB congeners was nonselective, and no difference was observed in the adsorption speed of the various isomers (>50) present in Aroclor 1254 (Fig. 4) . For instance, similar ratios were obtained between the peak areas of the different congeners of the Aroclor 1254 obtained from the stock solution and from the aqueous phase after 2 h of contact with manosil.
Some differences were observed between the amount of Aroclor 1254 recovered from the polymers by ethyl acetate extraction and the values calculated from the disappearance of PCBs from the aqueous phase (Table 2 ). For example, PCBs extracted from latex and Tygon were found to be 105 and 106% of the adsorbed concentrations, respectively. Even if these numbers are within the experimental limits of precision, extraction of products other than PCBs from these polymers cannot be ruled out. On the other hand, only 25 and 35% of the adsorbed Aroclor 1254 from the phenoxy resin and nylon, respectively, was removed by ethyl acetate extraction. This indicates that effective recovery requires the selection of an appropriate organic solvent for extraction, in accordance with polymer characteristics. When hexane instead of ethyl acetate was used to extract Aroclor 1254 from Tygon, the extraction efficiency was 46.0% instead of 106.4% (Table 2) . Hexane is a good solvent for PCB extraction, but in contrast to ethyl acetate, it does not make the polymer swell. Consequently, its access to the inner structure of the polymer is greatly reduced and its ability to extract is limited to the surface and to the easily accessible parts of the structure. This observation clearly indicates that PCB interaction with the polymer may not be restricted to its surface.
To determine the reversibility of the adsorption process, desorption experiments with a 0.25% aqueous solution of Triton X-100 were performed on polymers previously loaded with Aroclor 1254. Important differences in the desorption efficiencies of these polymers were observed ( Table 2 ). The polymers were classified into three groups according to their efficiency in retaining PCBs. The first group includes the polymers showing the fastest adsorption rates, red vacuum rubber, latex, Tygon, Norprene, manosil, and two others (polyethylene and polypropylene) for which the adsorption was slower but still significant. In three consecutive extractions, only a small amount of PCBs were desorbed (>6%) ( Table 2 ). This clearly indicates the presence of strong interactions between PCBs and this family of polymers. The second group of polymers (phenoxy resin and nylon) showed similar adsorption rates (33.0 and 22.9%, respectively). These polymers desorbed a higher quantity of PCBs during the three consecutive extraction steps (58.4 and 57.4%, respectively). The amount of PCBs desorbed indicates that interaction with these polymers is important but relatively weak. PCBs were probably adsorbed only at the surfaces of these polymers. Teflon represented the third class of polymers, which exhibited poor affinity toward PCBs. Aroclor 1254 was weakly adsorbed on this polymer, and also easily desorbed from it.
Careful examination of the chemical composition of some of these polymers (Fig. 1, structures I The above electronic model is more obvious in the case of manosil (V) and Teflon (IV). The adsorption efficiency of Teflon (IV) was <4%, whereas that for manosil (V) was >93%. The difference in the adsorption of PCBs by both polymers is clearly associated with the electronic properties of fluorine, which is electron withdrawing, and silicon, which is electron releasing, in their respective polymers. The presence of silicon in manosil (V) will thus enhance the adsorption of the electron-deficient aromatic nuclei of PCBs. In contrast, Teflon (V), due to its high content of strong electron-withdrawing fluorine atoms, will not favor complexation with other electron-demanding agents such as PCBs. Polymers with polar components in their structures, such as nylon (VI) and phenoxy resins (VII), were found to have lower affinities for PCBs (22.9 and 33.0% adsorption, respectively). This trend is in line with the general characteristics of PCBs as nonpolar and lipophilic, thus favoring lipophilic surfaces for adsorption. For example, Norprene, which is nonpolar and related to structures I and II (Fig. 4) , adsorbed more than 97% of the PCBs. Since all polymers used in the present study are commercially available, additives such as plasticizers used by the manufacturers are not taken into account.
In summary, the choice of polymeric materials for use in laboratory experiments with PCBs needs careful circumspection to avoid errors. According to our experiments, plastics and rubbers must be avoided, including silicone, Norprene, and Tygon tubing in peristaltic pumps. The use of hard plastic materials is advisable only when the contact time with materials contaminated with PCBs is short. Teflon appears to be the only safe material able to handle PCBs in aqueous media without significant losses. When PCBs are being studied and the use of plastics cannot be avoided, a mass balance must always be established. Furthermore, it is recommended that in any study that involves PCBs, a control be included to verify any conclusions about biodegradation (e.g., inorganic Cl-ions and total organic chlorine analysis). The results also suggest that it is very important to test the adsorption properties of lipophilic organics on laboratory equipment before setting up experimental systems.
